Introduction
Highly active antiretroviral therapy (HAART) has greatly reduced viral loads and reduced morbidity and mortality from AIDS 1 ; however, the side effects of prolonged use can often lead to severe disease, 2 and the emergence of drug resistance strains remains a major public health concern. HIV proviral DNA remains present in lymphoid cell populations regardless of prolonged HAART, and patients that have terminated treatment, either because of intolerance or noncompliance, experience a rapid resurgence of viral burden to pretreatment levels. [3] [4] [5] Even in long-term compliant patients, the emergence of resistant mutant viruses has been documented. 6, 7 Thus, novel therapeutic strategies are needed to better control or eradicate the latent reservoir and potentially cure HIV. 3, 8 Hematopoietic stem cell (HSC)-based therapy for HIV infection recently garnered the interest of the scientific community when an AIDS patient with acute myeloid leukemia was effectively cured of HIV upon the allogeneic transplant of CD34 1 cells from a homozygous CCR5D32 donor. 9 Donor cells returned the patient's CD4 T-cell population to normal levels and controlled HIV replication to levels undetectable for more than 4 years following the cessation of HAART. 10 Although these results demonstrate the potential benefits of stem cell-based therapies, obtaining sufficient numbers of matched CCR5D donors and the risks posed by allogeneic transplants make this approach unfeasible for most patients. 11 The ex vivo modification and infusion of gene-modified, autologous HSCs would overcome several of these obstacles.
Recent studies have demonstrated that ex vivo genetic modification of both mature T cells and CD34
1 HSCs could significantly alter the course of disease progression in humanized mouse models and confer a selective advantage of gene-modified cells. [12] [13] [14] Although the direct genetic modification of CD4
1 T cells has shown promising results, the genetic modification of HSCs has significant advantages, including the protection of both lymphoid and myeloid lineages, both of which are susceptible to HIV infection. 15 In addition, modification of HSCs is likely to result in a long-lived source of lineage-specific progenitors, some of which may be targets for infection themselves. 16 Transplanting autologous protected HSCs could lead to long-term protection against further infection and, potentially, the eradication of viral reservoirs.
The targeted disruption of the CCR5 gene locus using zinc-finger nucleases was recently shown to be highly effective at reducing viral loads and maintaining a selective advantage for CD4
1 T cells upon HIV challenge in a humanized mouse model system. 12 An Submitted The online version of this article contains a data supplement.
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For personal use only. on October 28, 2017 . by guest www.bloodjournal.org From alternative strategy to CCR5 gene disruption is expression of a previously identified short peptide corresponding to a 46-amino acid sequence of gp41 that potently inhibits viral entry when fused to a membrane anchor (mC46) and expressed on the surface of normally susceptible target cells. 17 Recent studies by Kimpel et al demonstrated that mC46 expression in primary human CD4
1 T cells led to the positive selection of transduced cells in a xenotransplant mouse model after challenge with a pathogenic HIV strain. 13 These studies, however, did not show any protection or selective advantage of unmodified or unprotected CD4
1 T cells. The mC46 peptide has been shown to significantly inhibit a broad range of viral isolates including dual tropic and CXCR4 tropic HIV and Simian-Human Immunodeficiency Virus (SHIV) isolates. 13 Hence, there is a reduced risk of escape variants arising or that 34-tropic variants will have a selective advantage over R5 tropic variants.
In this study, macaques transplanted with HIV/SHIV resistant HSCs were used to demonstrate the potential of this therapy, primarily to allow for the positive selection of mC46-expressing cells in vivo using chemotherapeutic agents. Hence, following transplantation of pigtailed macaques with autologous gene-modified CD34 1 cells expressing both the mC46 fusion inhibitor and the chemoresistant gene MGMTP140K, chemotherapeutic agents were used to select gene-modified cells. [18] [19] [20] In vivo selection was deemed necessary in order to obtain a sufficient percentage of gene-modified cells before SHIV challenge and enabling an initial comparison of the percentage of gene-modified cells vs the degree of viral pathogenesis. Here, we evaluated whether mC46 expression would lead to in vivo control of SHIV89.6P-MN, a dual-tropic SHIV strain previously shown to be highly pathogenic in the pigtail macaque model. 21, 22 This is the first study in a nonhuman primate model to demonstrate the protective effect of transplanted gene modified, infectionresistant HSCs against SHIV challenge. Animal transplantation and ex vivo modification were conducted as previously described. 23, 24 Briefly, animals were administered recombinant human granulocyte colony-stimulating factor at 100 mg/kg and also given recombinant human stem cell factor at 50 mg/kg before bone marrow harvest. 18, 19 In all cases, macaques were allowed to recover and stabilize following chemotherapy administration (typically .3 months) before SHIV challenge. The elapsed time from transplantation to SHIV challenge was variable and dependent on the number of chemotherapy doses required to obtain a predetermined set point of gene-modified cells.
Materials and methods

Ethics statement
Immunological assays and viral titer analysis
Viral load was assayed as previously described. 25 Antibody titer against disrupted whole Simian Immunodeficiency Virus (SIV) or HIV envelope (Env) was determined by enzyme-linked immunosorbent assay (ELISA). Western blot analysis of serum samples was conducted using an SIV mac western blot kit from ZeptoMetrix. Interferon (IFN)-g enzyme-linked immunospot assay was conducted in accordance with the manufacturer's protocol (R&D Systems). Neutralization assay was performed as previously described. 21 Fluorescence-activated cell sorter (FACS)-based quantification of SHIV-specific responders was performed following overnight recovery and a brief 6-hour pulse with viral peptide pools obtained from the AIDS Research and Reference Reagent Program following overnight recovery. Cryopreserved samples from 2, 4, and 6 months post-SHIV challenge were analyzed. The percentage of Gag and Pol responders was determined for all samples; additional analysis of Env and Nef responders was conducted as indicated. SEB was used as positive control. Responses 3 times greater than dimethylsulfoxide treatment alone were considered positive.
Results
C46 expression results in reduced plasma viremia and recovery of CD4
1 T cells following the acute phase of infection
The goal of these studies was to determine the protective effect of transplanting genetically modified, infection-resistant autologous HSCs before SHIV challenge. Briefly, 4 pigtailed macaques underwent identical pre-and posttransplant conditioning regimens, in vivo selection, and SHIV challenge, with the only variation being the lentiviral vector used to transduce HSCs ex vivo following CD34 1 isolation. Control macaques received autologous HSCs transduced with a green fluorescent protein (GFP)-expressing lentiviral vector while experimental macaques were transplanted with HSCs expressing a membrane bound fusion inhibitor (mC46) in addition to GFP. Experimental and control macaques were then challenged with SIV/HIV89.6P-MN, a dual-tropic, highly pathogenic chimeric HIV/SIV strain. The first set of control and experimental macaques were challenged with 50 Tissue Culture Infectious Dose (TCID) 50 (mC46.1 and control.1, respectively), while the second set was challenged with 10 TCID50 (mC46.2 and control.2, respectively). Twenty-one days following SHIV challenge, CD4 1 T-cell counts were reduced by 26-and 38-fold in control.1 and control.2, respectively ( Figure 1A ). Similarly, a 44-fold decrease was observed in mC46.1, whereas mC46.2 exhibited a more modest 14-fold reduction. An initial decrease in CD4 1 T-cell counts was anticipated; although genetically modified T cells would be resistant to direct infection, they are still susceptible to bystander-mediated apoptosis. In comparing mC46.1 with control.1, a peak reduction in plasma viremia of approximately 320-fold was observed at day 168; for mC46.2 and control.2, a reduction of 1477-fold was observed at day 20 ( Figure 1B antigen-specific immune responses were examined. As demonstrated in Figure 1 , although CD4 1 T-cell levels decreased rapidly following the acute phase of infection, a gradual rebound in CD4 1 T-cell levels was observed in the mC46 macaques. This led to the hypothesis that mC46-expressing macaques may maintain elevated levels of SHIVspecific CD4 1 T cells, thereby leading to an enhanced immunological response against the challenge virus. To test this hypothesis, autologous PBMCs collected at specific time points throughout this study were stimulated in the presence of peptide pools corresponding to SIV-Gag, -Pol, -Nef, and HIV89.6-Env. Consistent with the near absence of CD4 1 T cells in peripheral blood, no antigen specific CD4 1 T-cell responders were detected in the control macaques. However, in mC46 macaques, significant levels of CD4 1 T-cell responders were detected by FACS following intracellular staining ( Figure 4A-C) . In particular, Gag and Pol peptides elicited robust immunological responses as indicated by the relatively high percentage of responders in the CD4 1 T-cell population. Upon further examination of SHIVspecific CD4 1 T-cell responders, it was determined that the vast majority of responders were gene-modified ( Figure 4A-C) . In some instances, 100% of the responders were gene-modified, whereas, overall, ;85% of SHIV-specific responders were gene-modified. These results indicate that SHIV-specific, infection-resistant CD4 As expected, no selective advantage was observed in CD8 1 T cells following SHIV challenge ( Figure 4B ). To determine if the increase in CD4 1 T-cell levels in the mC46 macaques may enhance the overall cytotoxic T lymphocyte (CTL)-mediated immune responses against SHIV antigens, IFN-g enzyme-linked immunospot assays were conducted by combining freshly isolated peripheral blood mononuclear cells (PBMCs) with autologous skin fibroblasts transduced with lentiviral vectors expressing SIV MAC239 -GAG or HIV 89.6 -Env. As expected, IFN-g production was detected in both control and mC46 macaques (supplemental Figure 4) . However, a more robust T-lymphocyte response was observed in the C46 macaques. A 5.3-to 5.4-fold increase in IFN-g production was detected in the mC46 macaques, whereas a modest 2.1-and 2.2-fold increase was detected in PBMCs isolated from the control macaques. Although these results do not indicate direct killing of antigen-expressing target cells, these results warranted further investigation and characterization of the T-lymphocyte immune responses against the challenge virus. To quantify the number of SHIV-specific CD8 1 T cells in peripheral blood samples, PBMCs were cocultured with peptide pools as previously indicated. Overall, the percentage of CD8 1 T-cell responders against SIV antigens were higher and broader in mC46 macaques based on our exclusion criteria detailed in the "Materials and methods" section ( Figure 4D and supplemental Figures 5 and 6 ). Overall, these results indicate that there is a significant difference in the generation and presence of SHIV-specific CD4 1 T cells between mC46 macaques and control macaques.
mC46 macaques exhibit enhanced SHIV-specific B-lymphocyte function
Previous studies have demonstrated a relatively inept antibody response in naive pigtailed macaques challenged with SHIV89.6P-MN. 26, 27 As indicated in Figure 5A , serum samples obtained from mC46.1, which were incubated with strips containing SIV lysates, could readily be used to detect viral antigens (see supplemental Figure 7 for results from second set of macaques). Using an ELISAbased method, a significant increase in antibody titers directed against the whole SIV mac239 and HIV 89.6 Env (. 10 5 ) was detected 28 days after SHIV challenge in the mC46 macaque ( Figure 5B ). In contrast, a limited increase in SIV-specific antibody titers was detected by ELISA in the control macaques. To determine whether the increase in antibody production resulted in increased neutralization of viral infectivity, serum samples collected at 1, 3, and 6 months post-SHIV challenge were incubated with HIV89.6 pseudotyped lentiviral vectors encoding GFP. These samples were added to TZMbl cells and, after 48 hours, FACS analysis was performed to determine the percentage neutralization. As indicated in Figure 5C -D, neutralizing activity was significantly enhanced in mC46-expressing macaques at each time point and over the duration of these studies. Six months following SHIV challenge, neutralizing activity increased by .4-fold in mC46 macaques vs controls. Based on the detection of enhanced neutralizing antibody responses and improved SHIV-specific lymphocyte function, we conclude that mC46-expressing macaques exhibit substantially improved immunological responses against the challenge virus.
Discussion
Here, we demonstrate that autologous transplantation of genetically modified HIV/SHIV-protected HSCs results in in vivo protection For
1 T cells and reduced viral pathogenesis in a clinically relevant nonhuman primate model of AIDS. During the acute phase of infection, a pronounced selective advantage of genemodified CD4 1 T cells was observed in all tissues examined. Unlike previous findings in murine models, our study is the first to show a significant recovery of unmodified, unprotected CD4 1 T cells, which resulted in close to normal CD4 1 T-cell levels in the mC46-protected macaques. We observed an enhanced immune response with maintenance of SHIV-specific CD4 1 T cells and significantly improved CTL and antibody responses directed against the SHIV challenge virus in the mC46-expressing macaques. Furthermore, disease progression was not observed in the mC46 macaques in the absence of antiretroviral treatment, whereas control macaques developed AIDS with CD4 1 T-cell levels declining rapidly following the acute phase of infection.
The initial drop in CD4 1 T-cell levels following acute infection was anticipated because the vast majority of CD4 1 T cells residing within the gut-associated lymphoid tissue undergo apoptosis either by direct infection or due to bystander-mediated apoptosis. [28] [29] [30] [31] Although mC46 expression would limit infection of gene-modified CD4 1 T cells, these cells are still susceptible to activation-induced cell death and pro-apoptotic ligands. Nonetheless, the rapid rebound in mC46-expressing CD4 1 T-cell levels observed shortly after the initial drop in CD4 1 T-cell counts suggests that these protected cells may play an important role not only in the development of an adaptive immune response, but also in the expansion of CD4 1 Tcell populations following the acute phase of infection. Interestingly, our analysis further indicated that both mC46-expressing macaques maintained elevated levels of pro-T lymphocyte expansion cytokines, including interleukin (IL)-12, which is critical for the development of Th1 cell-mediated immune responses (supplemental Figure 8 ). These findings suggest that, in addition to increased CD4 1 T-cell function, the functional activity of other potential target cells may also be elevated because IL-12 is typically produced by phagocytic and antigen-presenting cells including dendritic cells and macrophages. 32 In addition, the maintenance of protected CD4
1 T cells may further contribute to IL-12 production through T-cell-APC interactions. Typically, HIV-specific CD4 1 T cells are rapidly depleted because of antigen-dependent activation and subsequent heightened susceptibility to infection. 33 To date, the possible benefits of rendering CD4
1 T cells resistant to HIV infection during the course of infection remains largely unknown. Because of their central role in the development and maintenance of an adaptive immune response, CD4 1 T-cell depletion causes widespread immune dysregulation. 34 In addition to CD4 1 T cells playing a central role in the initial acute phase of viral infection, they are also critical for maintaining functionality and diversity of CTL responses during chronic stages of disease. 35 The results obtained in this study demonstrate that both SHIV-specific CD8 36 The reversal of CD8 1 T-cell exhaustion was
shown to significantly enhance CTL activity as measured by direct killing of infected cells, increased secretion of antiviral cytokines, and a significant decrease in viral load. Second, the presence of antigen-specific CD4 1 T cells has been shown to lead to the development of virus-specific memory CD8 1 T cells. 36 Finally, CD4
1 T cells are indispensable in the differentiation of naive B cells into plasma cells that secrete high-affinity virus-specific antibodies. 37 In our studies, a strong, early SHIV-specific antibody response was generated against viral antigens, which was subsequently shown to lead to an enhanced neutralization of Env89.6-pseudotyped lentiviruses. These findings predict that the presence of SHIV-specific CD4 1 T cells may enable the development of broadly neutralizing antibodies. Recent data obtained from research on elite controllers and longterm nonprogressors have suggested that HIV-specific CD4
1 T-cell function is associated with disease control and the enhanced capacity of HIV-specific CTLs to suppress viral replication. [38] [39] [40] Hence, the development of HIV/SHIV-resistant CD4
1 T-cell populations may lead to the establishment of a functional immune system capable of controlling viral replication in the absence of antiretroviral therapy. Following the transplant of gene-modified cells into a previously infected macaque, it is unclear how the development of a functional immune response will affect viral reservoirs, which typically appear significantly reduced in natural controllers. Several key findings including the significant decrease in viral titers and the gradual, yet substantial increase of unmodified CD4 1 T cells were not observed in the mC46/humanized murine model, indicating the importance of conducting similar studies in an autologous nonhuman primate model. 13 Previous vaccination studies conducted in pigtailed macaques have also reported recovery of CD4 T cells. 25, 41, 42 Thus, we propose that mC46-mediated protection of CD4 1 T cells and other immune cells is a primary mechanism leading to a heightened immune response against the challenge virus. Hence, HSC transplantation of genetically modified cells expressing the mC46-fusion inhibitor gives rise to infection-resistant immune cells that initiate an enhanced immune response against the challenge virus. Importantly, phase 1 clinical trials have previously shown that mC46 expression of gene-modified CD4 1 T cells is well-tolerated in HIV 1 patients. 43 Although a limited number of animals were used in this study, the results indicate that mC46 infection-resistant, HSC-derived CD4 1 T cells (and presumably other potential target cells) are resistant to infection in vivo and may lead to an enhanced SHIV-specific immune response resulting in reduced plasma viremia and decreased viral pathogenesis. Although it has been reported that a limited number of rhesus macaques may spontaneously control plasma viremia because of a number of inherent factors, previous studies in pigtailed macaques have indicated that natural controllers are far less frequent (approximately 1 in 10 macaques), 22, 41 in particular when animals are challenged with SHIV89.6P-MN. 44 As determined in both experimental macaques, the vast majority of SHIV-specific CD4 1 T cells were indeed gene-modified cells, which is a clear indication of selective advantage of mC46-expressing CD4 1 T cells.
To our knowledge, this is the first study in a clinically relevant animal model of AIDS to demonstrate the possible benefits of genetically modified, autologous HSCs to treat HIV 1 patients.
